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Abstract

A new theoretical basis is derived for tracing optical rays within a finite-element (FE) 
volume.  The ray-trajectory equations are cast into the local element coordinate frame 
and the full finite-element interpolation is used to determine instantaneous index 
gradient for the ray-path integral equation.  The FE methodology (FEM) is also used 
to interpolate local surface deformations and the surface normal vector for computing 
the refraction angle when launching rays into the volume, and again when rays exit 
the medium.

The method is implemented in the Matlab™ environment and compared to closed-
form gradient index models.  A software architecture is also developed for 
implementing the algorithms in the Zemax™ commercial ray-trace application.  A 
controlled thermal environment was constructed in the laboratory, and measured data 
was collected to validate the structural, thermal, and optical modeling methods.
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1. INTRODUCTION

Due to the rising complexity of space-borne optical systems, on-orbit performance requirements 
must increasingly be verified by analysis with validation against a subset of data collected during 
ground-based testing.  These systems may experience dynamic thermal loads by virtue of their 
orbital geometries, where time-varying sun illumination angles and earth-eclipse subject them to 
extreme heat and cold.  Since thermal loads degrade performance of an optical system by 
misaligning, distorting, and altering the optical properties of components, detailed thermo-optical 
analyses are required to complete the requirements verification process.

Current methods for performing thermo-optic analyses are extremely laborious and 
predominantly compartmentalized according to discipline: structural, thermal & fluid mechanics, 
and optical propagation analysis.  While the structural and thermal engineering disciplines have 
increasingly gravitated toward finite-element (FE) theory to provide tractable numerical methods 
for modeling complex phenomena of coupled physics, optical engineering mostly relies upon 
ray-tracing (geometrical optics) and Fourier analysis (wave optics) to model system 
performance.  The classical method of reducing FE data for final optical analysis involves 
mapping into a form compatible with the chosen tools, e.g. least-squares fit of a Zernike 
polynomial equation to the FE data.  This mapping is not a true multi-physics implementation 
and yields only an approximate solution at best.  It is susceptible to error and cannot account for 
effects of field-angle and compounded errors of upstream components in a single instantiation of 
the mapped approximation.

This LDRD project constructs and demonstrates a new theoretical basis for tracing optical rays 
directly within a finite-element (FE) volume.  The classical ray-trajectory equations are cast into 
the local element coordinate frame and the full finite-element interpolation is used to determine 
the instantaneous refractive index gradient for the transformed ray-path integral equation.  The 
FE methodology (FEM) is also used to interpolate local surface deformations and the surface 
normal vector for computing the refraction angle when launching rays into the volume, and again 
when rays exit the medium.  Resulting ray trajectories are compared against closed-form gradient 
index methods using the Matlab™ modeling tool.

A software architecture is also developed for implementing the algorithms in the Zemax™ 
commercial ray-trace application.  The architecture is constructed using the Zemax User-Defined 
Surface API, for direct implementation of FE ray-tracing within the Zemax environment.  
Software hooks are provided into the Zemax menu and dialog structure for custom FE analyses 
and development comparisons.

Finally, a controlled thermo-optic environment is assembled in the laboratory for hardware 
validation of the thermo-optic modeling capabilities.  Surface and optical transmission data is 
collected for fused-silica and BK7 window substrates under various thermal loads.  Thermal data 
is also measured and compared to model predictions under specified heat loads.
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2. THE THERMO-OPTIC ANALYSIS PROCESS

2.1 Optical System Overview

A thorough discussion of optical system design methodologies is beyond the scope of this paper.  
However, a short treatise on the subject bears merit in the context of defining the overlapping 
roles of optical design and analysis, mechanical design, and structural analysis.  Also, for 
systems expected to operate in extreme thermal environments, heat-transfer and thermal analyses 
must be included to ensure a system meets its performance requirements.

At the most basic level, an optical system is comprised of one or more optical components 
(lenses, windows, or mirrors) held in relative alignment by a housing or mechanical metering 
structure.  A system may include an integrated optical sensor, or allow the collected optical 
energy to exit through an aperture.  Each of these subcomponents is comprised of physical 
materials (glass, metal, plastic, etc.) that inherently possess certain properties (index of 
refraction, absorption coefficient, coefficient of thermal expansion, elasticity, thermal 
conductivity, etc.).  Moreover, when subject to varying environmental parameters (temperature, 
pressure, force loads, etc.), the components of a system react to these changes in a manner 
consistent with their material properties.  The components are coupled by virtue of the system 
design, and component changes due to environmental factors impact the overall optical 
performance.

Optical systems designed for the space environment are subject to extreme changes in 
environmental parameters.  These systems are integrated and tested in laboratories under 
gravitational load at 1 atm pressure, and subsequently launched into orbital geometries with zero-
gravity and vacuum pressure.  On station, the systems may (depending on orbitology) experience 
both full sun illumination (without benefit of atmospheric filtering) and full earth shadow, 
creating time-varying and extreme thermal conditions.  Since many of these parameters cannot 
be duplicated in the laboratory environment, verification of performance requirements must be 
achieved through modeling and analysis.

2.2 Classical Thermo-Optic Analysis

The classical approach to thermo-optical analysis involves sequential development of expert 
domain models for thermal and structural analyses, with results cycled back to the optical 
designer for reintroduction into the original prescription file and final performance assessment.  
This approach is necessitated by the complexities of the required analyses and the maturity of the 
codes developed by and for each expert domain.

The fields of structural and thermal analysis have increasingly gravitated toward finite-element 
models to provide tractable numerical methods for modeling complex phenomena of coupled 
physics. A number of commercial tools are available to generate the discretized models and 
perform the specialized analyses.  However, optical analysis predominantly relies on ray-tracing 
or Fourier wave propagation techniques.  Inclusion of FE results in an optical analysis is not 
easily accomplished with these tools.  Methods for mapping the results to a standard polynomial 
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equation are given in [1].  For transmissive optical elements, the compound effects of thermal 
distortion and the thermal dependencies of refractive index, render this mapping valid only at the 
specific wavelengths and field-angles for which they are derived.  Broad-spectrum and broad-
field analyses require the mapping to be performed many times at discrete values.  This is a 
laborious, inflexible, and costly process, which typically relegates thermo-optic analysis to the 
post-design and integration phases of system development.  At this late stage of design, any 
flaws exposed by the thermal analysis will be extremely costly to repair.

2.3 Finite-Element Ray Trace Analysis

By developing a capability to perform ray-tracing directly within a FE volume, these limitations 
are largely mitigated.  FE data can be readily imported into the ray-trace application and optical 
parameters such as field-angle and wavelength can be varied at will, enabling rapid analyses over 
broad parameter sweeps and reducing costs.  This capability allows thermo-optic analyses to be 
performed earlier in the system design cycle, enabling a higher level of optimization of the 
design.

While basic methodologies for finite-element ray-tracing have been explored for a number of 
years [2] [3] [4], the outlined techniques do not fully integrate the finite-element methods.  
Richerzhagen [2] over-simplified the approach by assuming a uniform FE discretization and 
homogeneous index within each sub-element.  Epstein, et al, [3] limited the ray-trajectories and 
gradient geometries to specific cases with special application in the field of seismic wave 
propagation.  And, Gatej, et al, ignored the FE connectivity and interpolation methods in favor of 
a nodal scattered data approximation technique for determining refractive index along the ray 
trajectory, relegating the ray-trace portion to an intermediate step with Zernike mapping for the 
final optical analysis (similar to the classical thermo-optic analysis process).

The primary contribution of this LDRD effort is the development of a finite-element ray-trace 
theory that fully exploits the rich methodologies of FE theory for interpolation and gradient 
calculations within an element volume defined by a collection of discrete nodes.  The theory 
outlined in [5], enables ray-tracing directly within a finite-element volume and has broad 
application in the fields of optics and seismic wave propagation. The approach allows data files 
from the thermal and structural FE models to be imported into the optical ray-trace application 
and multi-spectral, multi-field analyses to be performed with no need for intermediate 
processing.  The ease and reduced cost allow thermo-optic analyses to be performed earlier in the 
design cycle for optical systems, reducing risk and enabling a higher degree of design 
optimization.
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3. RAY TRACING IN THE FINITE ELEMENT DOMAIN

3.1 Ray-Trace Equations in the Finite Element  Domain

The differential ray equation is given in [6], as

, (1)
d
ds[n(r)

dr
ds] = ̂n(r)

where r is the position vector of a point on the ray, n(r) is the refractive index of the medium at 
position r, and ds is a differential portion of the arc length s along the ray.  Using the change of 

variable    and   , proposed in [7] and the techniques described in [5] (included in 
t ≡ ∫ds

n
dt ≡

1
n
ds

Appendix A), this equation can be expanded in Cartesian space and cast into a pseudo-
Newtonian mechanics form to yield,

(2)
[
d2x

dt2

d2y

dt2

d2z

dt2
] =

1
2
̂n2 =

1
2[

∂n2

∂x
∂n2

∂y
∂n2

∂z
].

In this equation, the gradient of the index-squared acts as a "forcing function" which imparts a 
"pseudo-acceleration" of the ray as it travels through the medium.  Integration of equation (2) 
over the independent variable t, yields the trajectory of the ray in (x, y, z) physical Cartesian 
coordinate space.

In [5], the transformation of equation (2) from (x, y, z) physical coordinates to the (, ,  ) local 
coordinate frame of the finite-element is derived.  For the FE local frame, the ray equation 
becomes,

, (3)
[
d2ξ

dt2

d2η

dt2

d2ζ

dt2
] = I - T{1

2
I - 1[

∂n2

∂ξ
∂n2

∂η
∂n2

∂ζ
] -

dIT

dt [
dξ
dt
dη
dt
dζ
dt

]}
where  is the Jacobian matrix of the element at position (, ,  ),  denotes its transpose,  is J JT J - 1

the matrix inverse, and is the inverse of the transpose matrix.  It is interesting to note the right J - T

hand side of equation (3) carries two forcing function terms, while that of equation (2) carries 
only a single term.  One of the terms in equation (3) is the analogue to the gradient of the index-
squared, composed in the local FE (, ,  ) domain.  As explained in [5], the second term 
resolves the curvilinear mapping of the local FE domain to the physical coordinate space.
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3.2 Ray-Trace Algorithm

A sequential algorithm for tracing a given ray through a finite-element volume is also described 
in [5].  The basic algorithm entails the following steps:

1. Find the intersection of the given ray with the surface.
2. Determine the finite-element that encompasses that intercept point.
3. Map the intercept point into the local (, ,  ) frame of the intercept element.
4. Refract the ray into the element at the intercept point.
5. Cast the refracted ray into the curvilinear space of the local element frame.
6. Trace the ray through the element until it exits some surface (defined by a crossing of the 

 1.0 point in any local axis).
7. Determine if the ray transitions to a neighboring element and perform the element 

transition transformation, if required.
8. Repeat steps 6 and 7, until the ray exits the FE volume.
9. Refract the ray into adjacent medium upon exit from the volume.

While this algorithm appears rudimentary and simplistic, the complexity and importance of steps 
one through three cannot be over emphasized.  Accurate determination of the ray incidence point 
and its mapping into the local (, ,  ) coordinates of the incident element is a non-trivial task 
that strongly impacts the accuracy of the ray trace.  A gradient-descent cost-minimization 
approach to determining the incidence point in (, ,  ) space is proposed in Appendix B of [5].  
However, during implementation of this approach a fundamental degenerate geometrical error 
was discovered in that formulation.

3.3 FE optical surface interpolation error

A typical optical surface is generally characterized by a closed-form conic-equation of 
revolution, with sag z given by

, ( )
z =

cr2

1 + 1 - (1 + k)c2r2 4

where c is the curvature, defined as the reciprocal of the radius of curvature at the center (vertex) 
of the optical surface, k is the conic-constant, and r is the radial distance from the vertex.  This 
closed-form equation is continuous, providing one-to-one mapping of the sag at any given point 
(x, y) lying on the surface.  The intersection of any given ray with the surface defined by 
equation ( ) is readily determined through simple geometry.  Most ray-tracing applications 4
employ some form of this equation in their respective ray-trace engines.

When discretizing the surface of equation ( ) for finite-element analysis, a number of nodes are 4
defined on the surface which must also satisfy the conditions of the conic equation.  A 
connectivity mapping is then implemented to define elements with surfaces that lie on the conic 
surface.  In the fundamental approach of [5], FE methods provide a means to interpolate certain 
parameters between the nodes of the defined element using equations of the form:
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, (5)
p(ξ,η,ζ) =

I

∑
i = 1

Nipi

where p is the parameter of interest, pi is the value of the parameter at the ith node, Ni is the ith 
shape function, and I corresponds to the number of nodes contained in the element (e.g. I = 20 
for a HEX20 element).  The shape functions are dependent on the number of nodes contained in 
the element and the local coordinate position (, ,  ).  For a HEX20 element, the shape 
functions are given in Table 1, and provide 2nd-order parameter interpolation throughout the 
volume between the nodes.

Table 1.  Shape functions for a HEX20 element.
Shape Function

N1 = -
1
8
(1 - ξ)(1 - η)(1 - ζ)(2 + ξ + η + ζ)

N2 = -
1
8
(1 + ξ)(1 - η)(1 - ζ)(2 - ξ + η + ζ)

N3 = -
1
8
(1 + ξ)(1 + η)(1 - ζ)(2 - ξ - η + ζ)

N4 = -
1
8
(1 - ξ)(1 + η)(1 - ζ)(2 + ξ - η + ζ)

N5 = -
1
8
(1 - ξ)(1 - η)(1 + ζ)(2 + ξ + η - ζ)

N6 = -
1
8
(1 + ξ)(1 - η)(1 + ζ)(2 - ξ + η - ζ)

N7 = -
1
8
(1 + ξ)(1 + η)(1 + ζ)(2 - ξ - η - ζ)

N8 = -
1
8
(1 - ξ)(1 + η)(1 + ζ)(2 + ξ - η - ζ)

N9  =
1
4
(1 - ξ)(1 + ξ)(1 - η)(1 - ζ)

N10 =
1
4
(1 + ξ)(1 - η)(1 + η)(1 - ζ)

N11 =
1
4
(1 + ξ)(1 - ξ)(1 + η)(1 - ζ)

N12 =
1
4
(1 - ξ)(1 - η)(1 + η)(1 - ζ)

N13 =
1
4
(1 - ξ)(1 + ξ)(1 - η)(1 + ζ)

N14 =
1
4
(1 + ξ)(1 - η)(1 + η)(1 + ζ)

N15 =
1
4
(1 - ξ)(1 + ξ)(1 + η)(1 + ζ)

N16 =
1
4
(1 - ξ)(1 - η)(1 + η)(1 + ζ)

N17 =
1
4
(1 - ξ)(1 - η)(1 - ζ)(1 + ζ)
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N18 =
1
4
(1 + ξ)(1 - η)(1 - ζ)(1 + ζ)

N19 =
1
4
(1 + ξ)(1 + η)(1 - ζ)(1 + ζ)

N20 =
1
4
(1 - ξ)(1 + η)(1 - ζ)(1 + ζ)

In the FE construct, the local coordinates are bounded in the range [-1;1].  Therefore, at the 
optical surface, one of the coordinate parameters must be 1.  Setting  = 1 in the shape function 
equations of Table 1, yields:

Table 2.  HEX20 shape functions on the 
 = +1 surface.

Shape Function
N1 = 0
N2 = 0
N3 = 0
N4 = 0

N5 = -
1
4
(1 - ξ)(1 - η)(1 + ξ + η)

N6 = -
1
4
(1 + ξ)(1 - η)(1 - ξ + η)

N7 = -
1
4
(1 + ξ)(1 + η)(1 - ξ - η)

N8 = -
1
4
(1 - ξ)(1 + η)(1 + ξ - η)

N9  = 0
N10 = 0
N11 = 0
N12 = 0

N13 =
1
2
(1 - ξ)(1 + ξ)(1 - η)

N14 =
1
2
(1 + ξ)(1 - η)(1 + η)

N15 =
1
2
(1 - ξ)(1 + ξ)(1 + η)

N16 =
1
2
(1 - ξ)(1 - η)(1 + η)

N17 = 0
N18 = 0
N19 = 0
N20 = 0

The eight non-zero functions are identical to the shape functions of a QUAD8 plate element, 
which is consistent with interpolation on any surface of a HEX20 solid element.  In expanded 
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application, the QUAD8 shape functions provide second-order interpolation of the nodal 
parameters in the form:

. (6)p = a1 + a2x + a3y + a4xy + a5x2 + a6y2 + a7x2y + a8xy2

Using this equation to interpolate the sag z, it can be shown that except for special cases of the 
conic-constant k, equation (6)  and equation ( ) cannot generally be made to yield identical 4
results for any given values a1 – a8.  Therefore, the FE interpolation shape functions are 
generally inadequate for describing a conic-equation of revolution on the optical surface.

As an example, consider a spherical optical surface (c  0, k = 0) with a QUAD8 (or, HEX20) 
finite element located at the vertex and the surface nodes residing at equal radial distances from 
the vertex, such that the z-coordinate values are identical for all eight nodes on the surface.  For 
this case, all eight nodes lie in a plane, parallel to the XY plane.  Any interpolation scheme based 
only on the eight nodal coordinate values will yield a point which also lies in the plane.  The 
error from the true surface can be dramatic when considering optical elements with a steep radius 
of curvature.  By extension, the FE interpolation methods are generally inadequate for finding 
the intersection of a given ray with the true optical surface.  Indeed, this is a shortfall of the FE 
interpolation method as applied to the ray-trace formulation.

To overcome this shortfall, it is required to allow the local FE coordinates to lie outside the [-1;1] 
bound when interpolating points on the surface of the optic.  Then, the error metric proposed in 
[5] must be redefined for determining the ray-intersection point on the surface.

3.4 Ray intercept calculation

To maintain consistency between the FE interpolation and the surface of revolution equations, a 
new method for calculating the ray intercept is required.  The approach derived for this LDRD is 
an extension of the classic ray-direction method.  In a homogeneous (ambient) medium, rays 
maintain a linear trajectory.  Therefore, given a specific ray defined by its direction cosines (, , 
) and a single physical point (x0, y0, z0) through which it passes, any other point (x1, y1, z1) lying 
on the ray trajectory may be determined by

, (7)
[x1
y1
z1

] = [x0
y0
z0

] + t[αβγ]
where t is the distance between the two points.  Note that [, , ] is a unit vector.

If (x1, y1, z1) also lies on an optical surface, the values must simultaneously satisfy the surface 
equation, e.g. equation ( ).  Explicitly, this yields,4

. (8)
z1 =

c(x1
2 + y1

2)
1 + 1 - (1 + k)c2(x1

2 + y1
2)
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In the classic formulation, equations (7) and (8) are combined and rearranged to provide a 
closed-form solution for t, which can be substituted back into equation (7) to yield the intercept 
point.

3.4.1 Intercept of the nominal surface
To find the FE local coordinates of the intercept point, it is necessary to define a consistent set of 
equations between the FE shape-function interpolation and the surface equation.  For the nominal 
(load-free) finite-element lying on the surface of the optic, it is easy to see from equation (5) that,

; ; and .  But if the point defines the intersection of a ray with an 
x̂ =

I

∑
i = 1

Nixi ŷ =
I

∑
i = 1

Niyi ẑ =
I

∑
i = 1

Nizi

optical surface, it must also satisfy equations (7) and (8).

Applying the constraint of equation (8), yields

.

ẑ =
I

∑
i = 1

Nizi =
c[(∑Nixi)2 + (∑Niyi)2]

1 + 1 - (1 + k)c2[(∑Nixi)2 + (∑Niyi)2]
And, combining these constraints leads to the vector error metrics,

e1 = [xyz] - [ x̂
ŷ
ẑ ];

,

= ([x0
y0
z0

] + t[αβγ]) - [
∑Nixi

∑Niyi

c[(∑Nixi)2 + (∑Niyi)2]
1 + 1 - (1 + k)c2[(∑Nixi)2 + (∑Niyi)2]

]
and,  ,  (9)

e2 = ∑Nizi -
c[(∑Nixi)2 + (∑Niyi)2]

1 + 1 - (1 + k)c2[(∑Nixi)2 + (∑Niyi)2]
which can be assembled into a total error vector,

.
e = [e1

e2]
The error cost metric is defined as the inner product (dot product, or 2 norm) of the error.  A H
gradient descent algorithm may be employed to minimize this cost, as described in [5].

Equations (9) capture the constraint space of the full 3D local coordinate frame of a solid 
element.  When used to generate the cost value for gradient minimization, the search parameters 
are (, ,   , t).  The result yields the proper local coordinates (, ,   ) of the ray intercept point on 
the surface of the incident element, allowing for absolute local coordinate values in excess of 1.0 
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to enforce the equivalence of the surface equation and the FE interpolation shape-functions.  It 
also yields the ray path length t, allowing the physical coordinates to be derived from equation 
(7).

However before this minimization can be applied, the true incident element must first be located.  
Reference [5] outlines an iterative approach for finding the incident element, using only the 
“glued-on” QUAD8 plate element of the optical surface.  In this approach, the local coordinates 
of a candidate plate-element are determined using only the first three components of equation 
(9).  Since plate elements carry only a 2D local coordinate frame, the result must be bounded by 
the 1.0 constraint of the element.  If the result lies outside this bound, the neighboring elements 
are queried in an iterative fashion until the properly bounded plate element is located, or the ray 
is determined to have missed the optical surface.  When the proper element is discovered, the full 
equation (9) is applied to the underlying solid element to derive the 3D local coordinates of the 
intercept point.

3.4.2 Intercept of the distorted/displaced surface
Under exogenous load, the nodes comprising the optical surface are displaced.  These 
displacements are captured as separate nodal parameters, which are interpolated in the common 
approach of equation (5).  For displaced nodes, the coupling equations between the FE shape-
functions and the surface equation must be modified.  Moreover, the modification must be 
consistent when applied to both rigid-body motions of the optic and compliant deformations of 
the surfaces.

The coupling system proposed in this LDRD assumes linear summation of displacement with 
nominal position of the surface.  When the surface equation is the standard conic of revolution, 
this is represented by,

.

[ x̂
ŷ
ẑ ] = [

∑Nixi

∑Niyi

c[(∑Nixi)2 + (∑Niyi)2]
1 + 1 - (1 + k)c2[(∑Nixi)2 + (∑Niyi)2]

] + [∑Niδxi

∑Niδyi

∑Niδzi
]

This form can replace the terms for e1 of equation (9), when finding the ray intercept of optical 
components under load.  Considering rigid-body displacements, the xi, yi, and zi are defined 
as constant for all i.  Inclusion of the sag function for z, based on the nominal interpolation for x 
and y (without displacements), ensures consistency in the coupling.
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4. IMPLEMENTATION IN THE ZEMAX USER-DEFINED SURFACE

4.1 The User-Defined Surface (UDS) API

The Zemax ray-trace application provides a C-code application programming interface (API) for 
developing custom surface types [8].  The API uses two function argument structures to pass 
data to-and-from the user’s code in a Client-Server architecture.  It is similar to a callback 
function, applying a master switch-case structure to service requests made by Zemax when 
executing specific ray-tracing tasks.  The reader is directed to the Zemax manual for further 
description of the API.

It is important to note that the Zemax UDS can only be used in sequential ray-trace mode.  In this 
mode, Zemax requires rays to be traced sequentially from surface-to-surface until they strike the 
final surface of the system, or they miss the next surface in the optical train.  A ray cannot strike 
the same surface twice.  If a ray misses a surface, Zemax stops tracing that ray.  Also in this 
mode, the surfaces define the interfaces between optical media (e.g. air-to-glass, or glass-to-air 
transitions).  Zemax assumes the optical media between surfaces to be homogeneous, and 
performs the calculation to trace a ray from one surface to the next.1  When a ray is incident upon 
a UDS, Zemax passes ray information to the UDS code and requests information about the 
refraction of the ray at the surface, including the point-of-incidence, the surface slope at that 
point, and the direction of the refracted ray.  Zemax then traces the ray through the medium to 
the next sequential surface.

Conversely the FE ray-trace is implemented through adjacent FE volumes, not surfaces.  
Therefore, when implementing the FE ray-trace within a UDS, it is necessary to provide code-
traps for special cases, to enforce proper sequential operations within the API.  Further, the FE 
volume is defined throughout the region between two sequential surfaces.  Significant attention 
must be applied to managing the volumetric aspects within the sequential-surface API provided 
by Zemax.

The Thermo-Optic Propagation (TOP) code developed under this LDRD uses an optical singlet 
data structure to implement the FE ray-trace construct.  An optical singlet has a front and back 
surface, defined by a radially-symmetric equation of revolution, and is comprised of an optical 
medium - in this case an FE volume.  The FE volume is comprised of an optical material that has 
been discretized into nodes with a nodal connectivity map that defines the finite-elements.  The 
majority of the FE data is supplied by FE analysis and is read into custom objects and structures 
within the UDS as a text file.  The TOP code architecture makes extensive use of the Microsoft 
Foundation Class (MFC) libraries to manage the optical singlet data using the MFC 
Document/View architecture.

1 Special surface-types exist in the Zemax library to introduce gradient-index (inhomogeneous) media into a lens 
file.  Only a handful of such surfaces exist, and each implements a special closed-form equation describing the 
gradient to use during the ray-trace between surfaces.
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Much effort was expended in the TOPCode development to create a common-look, common-feel 
to the Zemax intrinsic surface library.  The TOPCode UDS is inserted as a surface into a lens 
prescription file in the same way as any other surface type.  The first instance of the UDS 
requests the user to identify the FE data file for import.2  The UDS will then inform the 
user/designer that a second TOPCode UDS surface is required to sequentially follow the first.  
The sequential pair of TOPCode surfaces define the front and back surfaces of the FE singlet.  
The TOPCode UDS manages this pair of surfaces for ray-trace and analysis.

Multiple FE singlets may be inserted into any lens prescription file, using pairs of TOPCode 
surfaces to define each optical component.  The TOPCode UDS manages the FE data associated 
with each singlet, to provide high fidelity ray-tracing and analysis.

4.2 Zemax ray-trace requests

When performing sequential ray-tracing through a lens system, Zemax uses the optical-surface 
information listed in the Lens Data Editor (Surface Type, Radius of curvature, Glass type, etc.) to 
calculate the refraction at the surface.  It then propagates the ray over the Thickness of the 
surface, and repeats the process at each sequential interface.  When a UDS is encountered in the 
sequence, Zemax passes the incident ray parameters to the user’s custom code, and issues a flag 
requesting the ray refraction information.  The UDS code must return this information in the 
argument structure defined by the API.  Zemax then uses this information to propagate the ray 
over the thickness, using the optical properties of the listed glass-type 

The TOPCode UDS must operate within this API construct.  When Zemax requests refraction 
information for a ray incident on the front surface of the FE singlet, the UDS must:

1. Determine the incidence point of the ray with the (possibly deformed/displaced) front 
surface.

2. Find the finite-element containing the incidence point.
3. Interpolate the index of refraction and surface normal at the incidence point.
4. Refract the ray.
5. Return the refraction information to Zemax in the required structure.

Zemax will then trace the ray through the listed thickness of the surface, until it strikes the back 
surface of the FE singlet.  Since the back surface is also a UDS, Zemax will issue the same ray-
trace call to the UDS using the propagated ray definition parameters for this surface of the FE 
singlet.

The TOPCode UDS must recognize the Zemax request is for the back surface of the singlet.  
Since Zemax assumed a homogeneous medium for calculating the incoming Zemax ray 
information, the UDS must:

1. Find the intersection of the ray with the front surface.
2. Find the finite-element containing the incidence point.
3. Cast the ray trajectories into the local coordinate frame of the incidence element.
4. Re-trace the ray to the back surface using FE ray-trace methods in the (possibly 

inhomogeneous) FE volume.

2 The FE data file must have a specific format, with a number of sections defining critical data for the ray-tracing.  
See Appendix E for definition of the required FE file format.
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5. Re-cast the ray into physical coordinates at the back surface.
6. Interpolate the index of refraction and surface normal at the incidence point.
7. Refract the ray at the back surface.
8. Return the refraction information to Zemax in the required structure.

Whether Zemax is requesting ray information for the front or back surfaces of the FE singlet, 
proper determination the ray incidence point with the front surface is critical. Hence, the 
modifications to the ray intercept calculation outlined in section 3.4 are also critical.

4.3 Using the FE surface in a Zemax lens file

4.3.1 Modeling an FE singlet in a lens file
The FE surface is a custom user-defined surface.  To use the surface type in a Zemax lens file, 
the user must select the User Defined surface type from the Type tab of the Surface Properties 
dialog in the Zemax Lens Data Editor.  When this surface type is chosen, the Surface DLL edit 
box becomes enabled, allowing the user to select the us_therm.dll from the drop-down list, as 
show in Figure 1, below.

Figure 1.  The Zemax Surface Properties dialog.

When the user selects OK, a new popup dialog is generated, requesting the name of the FE data 
file to use for the FE volume being defined, as shown in Figure 2.  This dialog allows the user to 
navigate to the correct FE data file.  The data file must have a structure similar to that described 
in Appendix E.

After selecting the proper file, the warning message of Figure 3 is displayed, indicating that a 
second, sequential UDS is required in the lens file to complete the FE singlet definition.  The 
user must insert a new surface in the Lens Editor, and repeat the surface-type selection to 



23

complete the FE volume definition.  Since the UDS manages the pair of FE surfaces using data 
contained in a single FE data file, the user is not prompted for the FE data file a second time.  
The final lens file listing for the FE singlet is shown in Figure 5.

Figure 2.  Open-File dialog for the FE Data File.

Figure 3.  Dialog showing requirement for a second UDS surface.

Figure 4.  Lens file listing for the first surface of the FE singlet.
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Figure 5.  Complete lens file listing for the FE singlet, showing front and back surface.

Additional FE singlets may be added to the lens file in a similar fashion, with each pair of 
surfaces requiring a separate FE data file.

4.3.2 Typical use-case scenario
Note in Figure 5 that the user must also specify the radius of curvature and nominal thickness of 
the FE singlet.  In the typical use-case scenario for this tool, the design flow-cycle for an optical 
system begins with design and optimization of the lens prescription file, using intrinsic surface 
types (conic surfaces of revolution) from the Zemax catalog.  This optimization creates a 
“floating” optical design, with no supporting structure or housing.

A solid model is then exported for use by the opto-mechanical team in designing the necessary 
supporting structure.  The support structure is designed to hold the optics in alignment within a 
required tolerance, under specified environmental loads.  Analysis of the structural performance 
is accomplished using FE methods.  The FE models generated during these analyses are used to 
export an FE data file of the form listed in Appendix E, which is delivered back to the optical 
designer.  The optical designer then modifies the original design file, using UDS surfaces and 
entering the FE data files as appropriate.  Final lens performance is then analyzed for the system 
under load.

In this scenario, the original lens optimization will determine thicknesses, radii of curvature, and 
other coefficients for the conic equations of revolution.  The designer may choose higher-order 
aspheric surface types, requiring additional data.  Since the exported solid model and returned FE 
data files do not carry this information to the precision necessary for ray-trace operations, the 
UDS requires this information to be maintained by the optical designer.  For this implementation, 
the UDS maintains a common-look, common-feel to the intrinsic Zemax surface types.

To change parameters of the UDS surface and how it is accessed by the ray-trace engine, the 
Surface Properties dialog is augmented to include an additional FE Data tab for this surface 
type, as shown in Figure 6.  In this custom property sheet, the user may change the specified FE 
data file, the Surface-Type emulator, or various other parameters of the FE model and 
corresponding analysis behavior.  The Surface-Type emulator allows the user to include 
specifications of the optimized lens design that may be lost in the FE data file, including higher-
order aspheric surface types.  The specified surface type and coefficients entered into the Lens 



25

Data Editor define the surface equation used by the ray-intercept method described in section 
3.4.

Figure 6.  The FE Data tab of the Surface Properties dialog.

This tab also provides other switches to modify certain portions of the FE ray-trace calculations 
when performing optical analyses.  The function of these switches is outlined in Table 3, below.

Table 3.  User switches for FE ray-trace analyses.
Switch State Description

unchecked The UDS reverts to conic equation emulation only, and 
does not perform FEM ray tracing.

Use FEM Trace

checked FE ray-trace is performed according to the other switches.
unchecked Homogeneous refractive index of the bulk material is used 

in the FE ray-trace calculation. 
Use Node 
Temperature

checked The UDS calculates the temperature-dependent index of 
refraction at each node and uses FE methods to interpolate 
the index gradient in the FE ray-trace calculation.

unchecked The nominal surface equations are used in the FE ray-trace 
calculation.

Use Node 
Displacements

checked The UDS includes surface deformations due to thermal or 
structural loads in the FE ray-trace calculation

unchecked The total sag is reported upon each Zemax request.Report Only 
Deformation Sag checked The UDS does not include bulk sag of the surface due to 

radius of curvature when responding to Zemax sag 
requests.
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Combinations of these switches allow the analyst to validate UDS calculations against those of 
the intrinsic surface types, and to independently explore impact of various aspects of the thermal 
and structural loads with the chosen material properties.  For example, if the temperature effects 
have a higher impact on optical performance than the surface deformations, the designer may 
choose to find a material with lower dn/dt, or a higher thermal conductivity to more rapidly 
disperse the thermal load.  Or, a material with lower CTE may be required to reduce surface 
distortions, if that is the limiting factor in the optical performance.

4.3.3 Custom Analyses
Since the UDS is a custom dynamic-link library (DLL) loaded into the Zemax address space at 
run-time, the MFC library provides programming functions to gain access to the Zemax root 
resources, including the main Zemax menu, and the Zemax message-loop in the Windows 
operating system.  This capability allows the Zemax menu to be augmented with custom 
analyses when the UDS is loaded into a prescription file.  This feature is demonstrated in Figure 
7, where the Thermal Surface pop-up menu items have been appended to the bottom of the 
Analysis selection menu.  The code structure for this capability is open source within the UDS 
software project.  So, this capability can be extended for any future items that become evident as 
the tool is matured.

Figure 7.  Custom analyses inserted into the Zemax main menu.

The Render Component analysis is a particularly useful custom capability developed within the 
code.  This item creates a custom rendering window to visualize aspects of the finite-element 
singlet in its local coordinate frame.  This analysis enables multiple aspects of model correlation 
for the coupled system.  Rendering of the local FE coordinate axes assists the analyst in mating 
the coordinate systems within the Zemax master frame.  Color shading may be attached to 
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specific nodal parameters, such as temperature or nodal displacement.  And, rendering of the 
node locations and element connectivity allow correlation of localize optical effects with the FE 
geometry and structure.  Figure 8 shows the rendering for the validation test model, where it is 
seen that the exported mesh geometry is highly asymmetric.  This is a common artifact of auto-
mesh software used in the field of FEA.  Indeed, mesh optimization is a subset expert subject 
matter within this field.  Since the UDS and FE ray-trace theory are built upon the underlying FE 
methods, it easily accommodates any mesh exported by the FE modeler.

Figure 8.  Rendering of the finite-element singlet in its local coordinate frame.

4.3.4 UDS Software Status
The foundation of the software architecture for the UDS is complete and fairly mature, providing 
flexibility for adding new features and capabilities as required.  However, the mathematical error 
and mitigating construct described in sections 3.3 and 3.4, were only discovered in the fnal days 
of the project.  As such, the UDS is not yet ready for deployment to the broader community.  
Completion of the UDS will require implementation of the intercept calculations outlined in 
section 3.4, using other funding mechanisms.
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5. MODEL VALIDATION AND TESTING

5.1 Test Description

As part of the TOP LDRD, a series of thermal tests were conducted to obtain interferometer, 
temperature and IR results for N-BK7 and Fused Silica (FS) windows.  The windows were 0.5 
inches thick and diameter of 3-inches.  A summary of window properties is given in Table 3.  FS 
has a CTE an order of magnitude lower than N-BK7 and a higher thermal conductivity.

Table 4.  Material properties for selected test articles.
Material Density 

(g/cm3)
Thermal 

Conductivity 
(W/m-°K)

Specific 
Heat 

(J/kg-°K)

Coefficient 
of Thermal 
Expansion 

(CTE) 
(1/°K)

N-BK7 [9] 2.51 1.114 858 8.3 x 10-6

Fused 
Silica [10]

2.2 1.38 740 0.55 x 10-6

The windows were held with a self-centering element holder on a 2-axis mount and supported on 
an optics bench.  The window was heated on the outer surface with a Kapton insulated heater.  
Window temperatures were recorded with Type-T thermocouples adhesively attached to the 
window’s back surface.  Steady-state temperatures were recorded for heater powers of 1 W, 2 W, 
and 3 W, respectively.  Measured temperatures were compared to infrared (IR) camera 
measurements and thermal analysis software tools (ANSYS, Sierra/Aria). 

5.2 Interferometer Test Setup

A photograph of the four-surface interferometer test setup is shown in Figure 9.  A 1550nm MST 
interferometer measures the optical performance of the window’s front and back surfaces.  A 
Kapton insulated heater [11] (Minco HK5576R45.0L12A) was attached to the edge of the 
window with an acrylic pressure sensitive adhesive (PSA), 3M966.  The heater resistance 
tolerance is ±10% with 30 AWG wire and Teflon insulated leads.  The maximum heater current 
capacity is 3 amps and at 75°C has a maximum power density of 10 W/in2 [11].  The heater 
width and length dimensions are 0.5 by 1.5 inches, and a maximum thickness of 0.012 inches.  
Heater power was provided with an external power supply.  After interferometer measurements 
were made, the two-axis mount was removed.  Thus, the interferometer was recalibrated after the 
mount was reinstalled.  IR images were recorded with an A325sc FLIR camera located 
approximately eleven inches from the optic window.  The camera was also tilted slightly off-axis 
to remove reflections from the warm camera body.  During IR measurements, the camera and 
part of the forward portion of the setup was covered with a black coated aluminum shield to 
minimize background reflections. 
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Figure 9.  Four-surface interferometer test setup.

(a) (b)

Figure 10.  Infrared camera test setup, (a) Two-axis mount removed, 
(b) black aluminum cover.

Omega Type-T thermocouples (5SC-TT-T-30-180) [12] were attached to the back surface of the 
windows using Traduct 2902 adhesive.  Figure 11 shows the locations of the thermocouples on 
the NBK7 window and similar locations for FS in Figure 12.  It was difficult to exactly locate the 
thermocouples and the position uncertainly could be up to ±0.125 inches.  A thermocouple also 
recorded the nearby air and heater temperatures.  Temperatures were recorded using a Labview 
data acquisition system.  The Labview system was calibrated using an Omega CL123 calibrator 
for input temperatures ranging from 20 to 100°C.  A summary of calibrated results is given in 
Table 4, where a gain slope error is evident in the measured values being higher at temperatures 
below 40°C and lower at temperatures above 40°C.  Tests were performed with heater powers of 

TWO AXIS MOUNT 
W/ TRANSMISSION FLAT

A325SC IR CAMERA

1550 ZYGO MST

WINDOW
HOLDER
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1, 2, and 3 W, respectively.  Based on heater resistance tolerance, the heater power uncertainty 
ranged from 1±0.1 W to 3±0.31 W, respectively.  A summary of test uncertainty measurements 
is given in Table 5. 

Figure 11.  Thermocouple locations on N-BK7 window.

Figure 12.  Thermocouple locations on FS window.
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Table 5.  Labview System Calibration.
Calibrator 

Input 
Temp (°C )

Average 
Measured 

Temp (°C )

Average 
Measured 

STDEV (°C )
20.00 20.66 0.17
40.00 40.19 0.22
60.00 59.30 0.14
80.00 78.03 0.12
100.00 96.07 0.16

Table 6.  Test Uncertainty
Test Parameter Uncertainty Value

Heater power (V and I) ±0.07 W (1 W) to ±0.12 W (3 W)
Heater Power (V and R) ±0.1 W (1 W) to ±0.31 W (3 W)
Thermocouple Location ±0.125 inches
Labview Thermocouple 
Calibration

0.7±0.14°C

Thermocouple Calibration -0.3°C

5.3 Temperature and IR Measurements

5.3.1 NBK7 Optical Material
Both temperature and IR measurements were obtained for the front and back side (thermocouple 
side) for heater powers of 1W, 2W and 3W until steady-state conditions were obtained. IR 
images are shown in Figure 13, for the back surface for 1W and 3W.  The gray images provide a 
clearer view of the surrounding hardware and thermocouple locations compared to the color plot.  
The infrared emissivity (ε) for the camera was set at 0.85, distance from camera to window, 0.33 
meters, and air temperature, 20°C.  The thermocouple bead temperatures are lower due to the 
lower emissivity value of the epoxy.  The 0.85 value was obtained by comparing the 
thermocouple temperature to a window temperature adjacent to the bead.  The IR images 
indicate that the support pads on the window holder did not influence the isotherms, and as 
expected the highest temperatures are at the top near the heater.  The heater power settings 
provided vertical temperature differences of 28 and 63°C.  Table 6 compares the thermocouple 
and IR temperatures and shows average temperature differences of -0.26±0.73°C and -
1.0±0.85°C for 1W and 3W. 



32

Figure 13.  IR images of NBK7 back side.

Table 7.  Comparison of Thermocouple and IR Temperatures, NBK7 Back Side.
Temperature (°C)

TC NO. TC (1W)

IR 
(ε=0.85) 

1W
1W DIFF 
(TC-IR) TC (3W)

IR 
(ε=0.85) 

3W
3W DIFF
(TC-IR)

TC1 44.6 46.3 -1.98 77.17 80.7 -1.3
TC2 37.9 37.7 0.31 58.01 59.4 -0.3
TC3 32.2 32.0 0.64 44.42 43.7 1.0
TC4 26.9 28.2 -0.53 32.94 34.1 -1.6
TC5 27.0 28.0 -0.26 33.01 33.8 -1.2
TC6 26.1 27.4 -0.55 31.17 32.5 -1.8
TC7 25.7 27.0 -0.55 30.26 31.6 -1.9
TC8 25.6 26.3 0.13 29.75 30.1 -0.9
TC9 24.9 25.6 0.17 28.18 28.3 -0.8
TC10 24.4 25.2 0.03 26.99 27.3 -1.1

Ave. -0.26 Ave. -1.0
STDEV 0.73 STDEV 0.85

The front side images were obtained by rotating the window 180° along the vertical axis as 
shown in Figure 14, for heater powers of 1W, 2W, and 3W. Again, the window supports do not 
affect the isotherms. A comparison of thermocouple and IR temperature data is given in Table 7 
and shows average temperature differences of -0.26±0.73°C (1W), -0.29±0.6°C (2W), and -
0.17±0.9°C (3W).
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Figure 14.  IR images of NBK7 front side.

Table 8.  Comparison of Thermocouple and IR Temperatures, NBK7 Front Side.
Temperature (°C)

TC 
NO. TC (1W)

IR (ε=0.85) 
1W

1W 
DIFF 

(TC-IR) TC (2W)

IR 
(ε=0.85) 

2W

2W 
DIFF 

(TC-IR) TC (3W)

IR 
(ε=0.85) 

3W
3W DIFF
(TC-IR)

TC1 45.03 45.9 -1.98 64.00 64.7 -0.70 82.59 82.5 0.09
TC2 37.63 38 0.31 49.70 49.2 0.50 61.51 60.5 1.01
TC3 31.96 32.2 0.64 39.05 38 1.05 46.25 44.5 1.75
TC4 26.86 27.9 -0.53 29.54 30.3 -0.76 32.92 33.9 -0.98
TC5 27.12 27.9 -0.26 29.84 30.2 -0.36 33.18 33.7 -0.52
TC6 26.47 27.4 -0.55 28.59 29.3 -0.71 31.48 32.3 -0.82
TC7 26.19 27 -0.55 28.15 28.5 -0.35 30.88 31.2 -0.32
TC8 25.54 26.4 0.13 26.94 27.6 -0.66 29.29 30 -0.71
TC9 24.89 25.5 0.17 25.79 26.1 -0.31 27.66 28 -0.34
TC10 24.34 25.2 0.03 24.83 25.4 -0.57 26.39 27.3 -0.91

Ave. -0.26 Ave. -0.29 Ave. -0.17
STDEV 0.73 STDEV 0.60 STDEV 0.90

5.3.2 Fused Silica (FS) Optical Material
Both temperature and IR measurements were obtained for the front and back side (thermocouple 
side) of the FS window for heater powers of 1W, 2W and 3W until steady-state conditions were 
obtained. IR images are shown in Figure 15 for the back surface. Similar to the NBK7, the 
infrared emissivity (ε) for the camera was set at 0.85, distance from camera to window, 0.33 
meters, and air temperature, 20°C.  Again, the IR images indicate that the support pads on the 
window holder did not influence the isotherms, and as expected the highest temperatures are at 
the top near the heater. The heater power settings provided vertical temperature differences of 
27, 48 and 68°C.  Table 8 compares the thermocouple and IR temperatures and shows average 
temperature differences are -0.26±0.62°C, -0.05±1.05°C and 0.09±1.70°C for 1W, 2W and 3W. 
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Figure 15.  IR images of FS back side.

Table 9.  Comparison of Thermocouple and IR Temperatures, FS back side.
Temperature (°C)

TC 
NO. TC (1W)

IR (ε=0.85) 
1W

1W 
DIFF 

(TC-IR) TC (2W)

IR 
(ε=0.85) 

2W

2W 
DIFF 

(TC-IR) TC (3W)

IR 
(ε=0.85) 

3W
3W DIFF
(TC-IR)

TC1 43.46 42.9 0.56 60.51 59.3 1.21 76.86 74.2 2.66
TC2 37.53 36.7 0.83 49.05 47 2.05 59.86 56.7 3.16
TC3 32.19 31.9 0.29 38.93 38.2 0.73 45.38 44.1 1.28
TC4 28.17 28.6 -0.43 31.56 31.9 -0.34 34.97 35.3 -0.33
TC5 28.12 28.8 -0.68 31.52 32.4 -0.88 34.59 35.6 -1.01
TC6 27.34 28.3 -0.96 30.4 31.6 -1.2 32.85 34.6 -1.75
TC7 26.82 27.8 -0.98 29.73 30.8 -1.07 31.86 33.3 -1.44
TC8 26.65 27.2 -0.55 28.82 29.3 -0.48 31.02 31.8 -0.78
TC9 25.96 26.2 -0.24 27.67 27.9 -0.23 29.34 29.8 -0.46
TC10 25.38 25.8 -0.42 26.74 27 -0.26 28.03 28.5 -0.47

Ave. -0.258 Ave. -0.047 Ave. 0.086
STDEV 0.6224 STDEV 1.0543 STDEV 1.6974

The FS front side images are given in Figure 16 and thermocouple and IR comparisons in Table 
9.  The average temperature differences are -0.58±0.28°C, -0.22±0.31°C and 0.09±0.53°C for 
1W, 2W and 3W. 
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Figure 16.  IR images of FS front side.

Table 10.  Comparison of Thermocouple and IR Temperatures, FS front side.
Temperature (°C)

TC 
NO. TC (1W)

IR (ε=0.85) 
1W

1W 
DIFF 

(TC-IR) TC (2W)

IR 
(ε=0.85) 

2W

2W 
DIFF 

(TC-IR) TC (3W)

IR 
(ε=0.85) 

3W
3W DIFF
(TC-IR)

TC1 39.73 41.0 -1.27 58.02 57.9 0.12 72.38 71.9 0.48
TC2 35.1 35.6 -0.5 47.8 47.4 0.4 57.85 56.8 1.05
TC3 30.51 31.2 -0.69 38.35 38.6 -0.25 44.29 44.3 -0.01
TC4 27.05 27.7 -0.65 31.36 31.9 -0.54 34.31 34.8 -0.49
TC5 27.06 27.3 -0.24 31.24 31.3 -0.06 34.02 33.9 0.12
TC6 26.35 26.7 -0.35 30.08 30.4 -0.32 32.44 32.6 -0.16
TC7 25.83 26.5 -0.67 29.39 29.6 -0.21 31.38 31.8 -0.42
TC8 25.82 26.4 -0.58 28.84 29.3 -0.46 30.64 31.2 -0.56
TC9 25.29 25.7 -0.41 27.69 28.0 -0.31 29.03 29.2 -0.17
TC10 24.78 25.2 -0.42 26.71 27.3 -0.59 27.69 28.4 -0.71

Ave. -0.578 Ave. -0.222 Ave. -0.087
STDEV 0.2849 STDEV 0.306 STDEV 0.533

Comparison of thermocouple and IR measurements show very good agreement for both windows 
and different heater powers.  There are differences between the front and back surfaces after the 
windows are rotated, due to measurement uncertainties.

5.4 Comparison of Thermal Measurements and Model Predictions

The measured thermocouple temperatures were compared to finite element analysis (FEA) 
software tools ANSYS/Mechanical and Sierra/Aria. The geometry and FEA mesh for ANSYS is 
shown in Figure 17 and consisted of a 20-node HEX mesh. The mesh was also used in 
Sierra/Aria by utilizing the export capability of ANSYS/Fluent and generating an EXODUS-II 
model geometry. The details are summarized in Appendix A. 
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Figure 17.  ANSYS window geometry model and 20-node HEX mesh.

The ANSYS thermal model assumed constant properties, free convection (9 W/m2-°C), and 
thermal radiation (ε window=0.8 and ε heater=0.25). An isothermal plot for the NBK7 window is 
shown in Figure 18 for 1W, 2W and 3W.  Table 11 and Table 12 compare the thermocouple 
steady-state temperatures and ANSYS model predicts for NBK7 and FS windows.  The model 
results were higher at 1W heater power and lower for 2W and 3W for both windows. 
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Figure 18.  ANSYS temperature results for NBK7 window.

Table 11.  ANSYS Model Results and Temperature Data, NBK7 Window.

NBK7 Test Results (°C) Ansys Results (°C)

% Difference
(ANSYS-

Test)*100/Test
TC 
No. 1 Watt 2 Watt 3 Watt 1 Watt 2 Watt 3 Watt 1 Watt 2 Watt 3 Watt

1 42.8 61.0 77.3 43.1 64.8 84.9 0.6 6.3 9.8
2 34.6 45.3 54.7 35.0 49.1 61.7 1.1 8.3 12.8
3 29.4 35.6 40.9 28.6 36.8 43.8 -2.6 3.3 7.1
4 25.6 28.5 30.9 25.4 30.5 34.7 -0.9 7.1 12.3
5 25.7 28.5 30.8 25.1 30.0 33.9 -2.3 5.2 10.2
6 25.1 27.4 29.3 24.6 28.9 32.4 -2.2 5.6 10.5
7 24.8 26.9 28.6 24.2 28.2 31.3 -2.6 4.7 9.3
8 24.4 26.0 27.4 23.7 27.3 30.0 -2.9 4.9 9.5
9 23.9 25.0 25.9 22.8 25.7 27.7 -4.4 2.6 6.8
10 23.4 24.1 24.7 22.5 25.1 26.8 -3.7 4.0 8.5
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Table 12.  ANSYS Model Results and Temperature Data, FS Window.

FS Test Results (°C) Ansys Results (°C)

% Difference
(ANSYS-

Test)*100/Test
TC 
No. 1 Watt 2 Watt 3 Watt 1 Watt 2 Watt 3 Watt 1 Watt 2 Watt 3 Watt

1 43.5 60.5 76.9 43.5 63.4 82.2 0.1 4.8 7.0
2 37.5 49.1 59.9 36.4 49.2 61.4 -3.1 0.4 2.5
3 32.2 38.9 45.4 30.7 38.0 44.9 -4.7 -2.5 -1.2
4 28.2 31.6 35.0 27.7 32.1 36.2 -1.8 1.6 3.6
5 28.1 31.5 34.6 27.4 31.6 35.5 -2.5 0.2 2.6
6 27.3 30.4 32.9 26.9 30.6 34.0 -1.6 0.5 3.6
7 26.8 29.7 31.9 26.5 29.8 33.0 -1.1 0.4 3.5
8 26.7 28.8 31.0 26.1 28.9 31.7 -2.2 0.4 2.0
9 26.0 27.7 29.3 25.2 27.3 29.3 -2.8 -1.3 -0.1
10 25.4 26.7 28.0 24.9 26.7 28.4 -1.8 0.0 1.5

Measured data was also compared to Sierra/Aria as described in detail in Appendices B and C. 
There was good temperature agreement between the two software tools including thermal 
distortion.

5.5 Interferometry Measurements
Interferometry measurements of the optical components were made at each of the prescribed 
steady-state thermal loads, using a Zygo MST, multi-surface test interferometer.  This device 
incorporates Fourier Transform Phase Shifting interferometry to provide simultaneous 
measurement of front and back surface figure for plane-parallel optical windows.  A measure of 
optical thickness variation across the aperture is also provided.

Figure 19 shows the baseline measurement of the BK7 window test article at room temperature.  
The nominal surface figure for both the front and back surfaces, prior to applying thermal load, is 
less than 60 nm and 70 nm, respectively.  The measured optical thickness variation is less than 
45 nm.

Figure 20 shows the same component after applying a 3 Watt heat load to the edge of the 
component for 90 minutes.  The surface profiles for the front and back surface are shown to vary 
by 3.8 microns and 2.7 microns, respectively.  Interferometry measurements at the other heat 
loads are similar in morphology, with smaller variations across the aperture.  Note that the 
optical thickness variation includes effects of the gradient refractive index due to the dn/dt 
material properties and the heat induced by the 3 Watt load.

This interferometry data was collected in the last week of the LDRD project, leaving insufficient 
time to fully reduce the data.  With additional funding, the front and back surface interferometry 
and the temperature measurements will be used to decouple the changes in physical thickness of 
the part from the heat-induced refractive index gradient, to provide correlation and validation 
between the measured optical thickness and the model predictions for these parameters.
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Figure 19.  Baseline room temperature interferometry of BK7 test window.

Figure 20. Interferometry of BK7 test window under 3W load for 90 minutes.
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5.6 SIERRA/Aria Thermal Displacement Predictions for TOP LDRD

A finite element model for lens distortion due to imposed thermal gradients was developed using 
Aria [13].  Results are presented for the BK7 and Fused Silica lenses with 3 watt heater power.  
A model discretization based upon an ANSYS mesh was converted to the Genesis format and 
then used in modeling both lenses.  The thermal conditions are approximately those from the 3W 
tests reported in 5.3.  Physical properties for the BK7 and the Fused Silica are summarized in 
Table 13. 

Table 13: Properties used in analysis.
Property FS BK7 units
Elasticity ( )E 7.27E+10 8.20E+10 N·m-2

Poisson Ratio ( )υ 0.160 0.206 -
CTE ( )α 5.70E-06 7.10E-06 K-1

Specific heat ( )Cp 741 858 J·kg-1·K-1

Thermal conductivity ( )k 1.3 1.114 W·m-1·K-1

Density ( )ρ 2201 2510 kg·m-3

Zero strain reference temperature 296.34 294.45 K

Additional conditions for the analysis are shown in Table 14.  Also shown are the zero-strain 
reference temperatures which were taken to be the reported lab temperatures for the days the 
experiments were conducted.  The detail of the heater is not represented by a meshed volume in 
the model but its imposed energy flux into the lens is represented by a uniform flux imposed on 
the set of exterior element faces best approximating the heater location.  The 1.75 Watts 
constitutes 60% of the measured heater power and was observed in other analyses [14] to 
represent the heating boundary adequately.

Table 14: Model conditions used in analysis.
Condition FS BK7 units
Constant convective coefficient from lens to 
ambient air.

5 W·m-2·K

Lens surface emissivity () 0.5 -
Actual total heat imposed to represent 3W heater 1.75 W
Ambient air temperature 296.34 294.45 K
Zero strain reference temperature 296.34 294.45 K
Element type HEX20 -
Element Count 1684 -
Node Count 8372 -

Figure 21 shows the predicted steady temperature distributions for the two lenses.  Notice that 
the 85ºC contour is absent from the fused silica lens (despite the specified ambient temperature 
being 1.9ºC higher).  This result is consistent with the higher (17%) thermal conductivity of 
fused silica which results in better diffusion of the energy into the lens. Also consistent with the 
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higher thermal conductivity of the fused silica is the significantly lower position of the 35ºC 
contour.

 
Figure 21:  Predicted steady thermal states for BK7 (left) and Fused Silica (right) lenses.  

Contours are 35, 45, 55, 65, 75, 85ºC.

The Aria analyses predict the steady temperature distributions and transfer the thermal state of 
the lens to a structural simulation for calculating the displacement field. This one-way coupling 
is acceptable because the deformations are small (microns) and do not significantly impact the 
thermal distribution. 

In addition to a reference temperature state corresponding to no strain, the displacement 
calculation requires boundary conditions to establish/maintain position in the coordinate frame.  
As oriented in Figure 21, the positive x-, y-, and z-directions are right, up, and out of the page 
toward the reader.   Relative to these directions and a centroid of the unstrained lens at the origin; 
the boundary conditions were chosen so that:

 The points at (0, +R, 0) and (0, -R, 0) are stationary in x.
 The points at (+R, 0, 0) and (-R, 0, 0) are stationary in y.
 The point at (0, -R, 0) is stationary in z.

where R is the undeformed radius of the lens. Figure 22 shows the total predicted displacements 
for the two materials.  The CTE for BK7 being about 25% greater than that of BK7 is evident in 
the results.  The results look to be of the proper magnitude as the thickness of the lens at the hot 
edge grows approximately the expected  , where  is the lens thickness.αHΔT H
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Figure 22:  Predicted displacements for BK7 (left) and Fused Silica (right) lenses.  

Contours are 2, 4, 6, 8, and 10 microns.

Figure 23 shows a section through the lens colored by the z-displacement while the shape of the 
lens is shown with the total displacement magnified. 

 

Figure 23:  Z-displacements (microns) as color contours 
on a lens-shape with exaggerated distortion.

Figure 24 gives a comparison of the growth of the lens thickness due to 3W heating as indicated 
by ANSYS [15] [16] and the current predictions.  The two thermal analyses targeted agreement 
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with initial temperature measurements but differ in some of the assumed details and model form.  
Nonetheless, the predicted z-displacement is in substantial agreement. 

Figure 24:  Z-direction “swelling” on x=0 plane comparison 
of ANSYS [15] [16] and Aria Predictions.
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6. CONCLUSIONS

6.1 Significant achievements

The theory and results derived in [5] provide strong evidence for the efficacy of the theoretical 
construct for tracing rays directly in a finite-element volume.  The comparison to closed-form 
gradient-index solutions yields reasonable results within the diffraction limit at optical 
wavelengths when the maximum gradient profile across individual elements is bounded.  The 
initial method proposed to meet the bounding constraints is to increase mesh density for 
components with large refractive index gradients, thereby decreasing the local gradient 
throughout any individual element.

Moreover, the FE ray-trace theory is a new and enabling technology, allowing FE models to be 
directly imported into a ray-trace code and analyzed over broad spectrum and field-angle 
parameters with no modification to the base prescription file, and no additional labor imposed by 
varying the parameters. 

To mature the theory into a usable tool requires implementation within a commercial ray-tracing 
application, validated within the optical design community.  This puts the tool into the hands of 
subject matter experts for broader validation across multiple applications.  For this LDRD effort, 
the Zemax™ ray-trace tool was chosen for its widespread use at SNL, and its open API for 
implementing user-defined surfaces.

Significant progress was made in developing a Zemax UDS architecture to implement the new 
ray-trace technique.  This code architecture provides hooks into the Zemax menu and pop-up 
dialog structure to enable additional custom finite-element functions to be inserted into the 
Zemax suite of capabilities.  These new functions include the ability to render a finite-element 
volume in its native coordinate frame, enabling proper mating of coordinate frame axes into the 
Zemax master frame.  The rendering also provides various color-mapping schemes to indicate 
gradient temperature profiles, nodal displacements, stress, or strain.  And, it provides the 
capability to visualize mesh geometry, which further enables analyses to correlate localized 
optical effects with the FEM.

6.2 Follow-on effort

6.2.1 Software Development
While the UDS software architecture is well founded, the theoretical basis described in 3.4 for 
mitigating surface interpolation error between the FE methods and the closed-form conic 
equation were only realized near the end of the LDRD project.  As such, schedule did not permit 
implementation of the construct in the UDS software, and the code is thus incomplete for broad 
dissemination and use.  This code implementation must be accomplished using other funding 
avenues, either by SNL personnel, or via contracted efforts.
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6.2.2 Software Validation
A significant laboratory test and thermal-modeling effort was expended in the course of this 
project.  While the thermal models were tuned and well-validated against the measured 
temperatures of optical components under prescribed thermal loads, the interferometric 
measurements of optical performance of these components remain to be compared to the model 
predictions.  Until the UDS software is complete and ready for use, these comparisons cannot be 
made.  Again, this validation comparison must be accomplished using other funding avenues.  
Even so, performance modeling validation is an on-going process, whereby the modeling tools 
are applied to many systems of various design in various environments.  This endeavor is best 
achieved through broad dissemination of the tools to subject matter experts in the industry and 
solicited feedback from the user community.

6.3 Future Impact: Coupled Thermo-Optic Transient Analysis

As stated above, the FE ray-trace theory developed under this LDRD effort is a new and 
enabling technology.   It allows direct optical modeling of various physical environmental loads 
that directly impact optical performance.  Specifically, application of the technology can provide 
insight to coupled-dynamics problems and issues of material properties prevalent in the fields of 
high-energy solid-state lasers and short-pulse laser propagation dynamics.

Solid state lasers provide significant improvements in efficiency over other high-energy laser 
designs, such as chemical or gas lasers.  However, the thermal loads induced by the extremely 
high intra-cavity circulating power are problematic in maintaining a static geometry in the 
resonant cavity.  Thermal expansion of the gain medium and the resonator optics cause the cavity 
to deform, often causing the resonator to fail after operating only fractions of a second.

The coupled thermo-optical dynamics of the resonant cavity are difficult to model and 
understand without a fully coupled modeling capability.  The cavity design, alignment, and 
surface figure of the resonator optics serve to establish the initial optical intensity profile within 
the cavity.  Material absorption parameters cause fast-rise thermal transient behavior with 
corresponding expansion and changes to the index of refraction.  These changes impact the 
performance of the resonant cavity, which then modifies the optical intensity profile and couples 
with the distortions in the fashion of a feed-back loop.

Other non-linear effects exhibited by propagation of high-energy lasers, such as self-focusing 
and ablation, are also compounded by the fast-transient, self-induced thermal effects of optical 
energy through various media.  Understanding these coupled dynamics is predicated upon the 
ability to model the coupled physics of the resonator behavior.  The FE ray-trace capability 
allows the optical performance model to be directly coupled with the thermal-loads model, 
enabling a fully coupled analysis.  Understanding this coupled behavior is a key step in 
mitigating the thermal effects and realizing high-energy solid state laser designs.
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APPENDIX A:  THEORETICAL BASIS
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APPENDIX B:  ANSYS ANALYSIS AND MODEL 
PREPARATION FOR OUTPUT TO ZEMAX 

Eric Couphos (2617)

Introduction
ANSYS is a finite element analysis (FEM) package used to model and analyze thermal and 
structural loads on systems. This appendix will outline the process used to prepare the ANSYS 
model and export analysis results into a generic form that can be imported into Zemax for further 
optical analysis. This allows the user to use Zemax to analyze the optical effects of thermal and 
structural loads on an optical system. 

The output file includes thermal and structural results for all relevant nodes, as well as a list of 
nodes associated with each optical surface and a list of element connectivity. 

ANSYS Model Setup

This process is designed to output the results from a sequential thermal and structural analysis 
within ANSYS. An example project schematic is shown in Figure 1. 

Figure 1: Ansys Project Schematic

Output Coordinate System

The output coordinate system must be manually set for the optics in the analysis. The coordinate 
system should typically be set at the center vertex of surface 1 of the optic, although this may 
vary depending on the optical assembly. Figure 2 shows how to insert a new coordinate system. 
The coordinate system type must be changed from ‘Program Controlled’ to ‘Manual’ and the 
coordinate system ID must be set to 12 as shown in Figure 3.
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Figure 2: Insert Coordinate System

Figure 3: Set Coordinate System ID

Model Mesh

Currently the ray trace algorithm can only support 20 node hexahedral (HEX20) elements. The 
model mesh in Ansys must be configured to mesh the optical elements with only HEX20 
elements. This setup will be unique for different optical element geometries and may require 
slicing or otherwise modifying the geometries in Ansys Design Modeler. Future support for other 
elements types may be implemented in the future. 

Named Selections

Named selections are used to control which nodes are used for data output. The nodal 
information is only needed for nodes associated with optical elements. The code will output 
information for all nodes in a named selection called _optics. This named selection must be 
created by the user and titled _optics. Figure 4 shows how to create a named selection. 
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Figure 4: Create Named Selection

Named selections must also be created for the front and rear surfaces of optics and labelled 
surface_1 and surface_2 respectively. If there are multiple optical elements, elements should be 
labelled lens_1, lens_2, etc. Additional optical surfaces should be labelled surface_3, surface_4, 
etc. 

Output Solution Results

The code used to output the ANSYS analysis results is inserted as an APDL command within the 
solution dropdown in the project tree. Two different sets of code are used; one in the steady-state 
thermal solution and one in the static structural solution. Figure 5 shows how to add a command 
object, and Figure 6 shows how to import the code from a text file.
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Figure 5: Insert Solution Command

Figure 6: Import Code

The output file location and file name are set in the code used to export thermal results. The 
output file location must be set to a local drive and not a network drive. An excerpt of this code 
is shown in Figure 7. 

The analysis step number to be exported is also set within this code, as shown in Figure 7. 

Figure 7: Thermal Results Output Code Snippet
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Summary

The process outlined above will allow the user to export FEM analysis results to a text file in a 
generic format that can be subsequently imported into Zemax for further analysis. The completed 
project tree must include the elements noted in Figure 8. These elements include a new 
coordinate system, named selections, and commands. 

Figure 8: Final Project Tree

Ansys Code & Sample Output File Locations

The Ansys code required is currently located in the following folder: 
\\citadel\TOPCode\Analyses\ANSYS-Couphos\Ansys Commands

Output files are located in the following folder: 
\\citadel\TOPCode\Analyses\ANSYS-Couphos\Analysis Output TXT Files

PeDaL is a program offered by PADT that is inexpensive and excellent for editing ANSYS code. 
The code used to export thermal results is titled 140829Ansys_thermal_node_export.txt and the 
code used to export structural results and element connectivity is titled 
140829Ansys_structural_node_export.txt.
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APPENDIX C: ZEMAX COMPATIBLE SIERRA 
MECHANICS FEM MODEL

Sam Subia (1541)

The stated objective of this LDRD is to improve the design of optical lenses. These designs are 
usually developed using optical design software packages. Here the objective is to include the 
effects of temperature and deformation obtained from FEM numerical simulations during the 
design process. One aspect of the project is to enable this information to be imported into the 
Zemax lens design software. Initial efforts to this end have focused on importing temperature 
and displacement results from ANSYS Mechanical into Zemax. Since our goal is to apply the 
methodology with arbitrary FEM results we now seek to extend the import process employed 
with ANSYS results to include a Sierra Mechanics code. 

In demonstrating the import process with results from a different application code it is important 
that we perform this demonstration using the same model. Hence we begin the exercise by 
attempting to generate the same FEM mesh. Owing to differences in how FEM models are 
constructed one discovers that obtaining the same FEM mesh is often difficult. The outline 
below describes the process of generating an equivalent of the ANSYS meshed discretization.

An initial lens model was constructed using Hex20 elements in the ANSYS Mechanical 
software. ANSYS Mechanical provides an export capability of the mechanical mesh to that of 
another ANSYS product. Since ANSYS Mechanical is the only ANSYS product that supports 
the Hex20 this limitation immediately restricts the achievable geometric resolution of the export 
mesh. Nonetheless, our effort continued in order to define a methodology that could use to 
service other application codes as well.

The steps used to obtain an ExodusII model geometry is outlined as follows.

Export mesh from ANSYS:
1. Enable the export of a Fluent mesh in ASCII format from the Model – Export dialog
2. Export the mesh – selecting File – Export
3. Save the project – failure to do will delete the exported mesh – name.msh .

Obtain an ExodusII Mesh:
1. Open the Fluent mesh in Paraview – selecting the “all files” option, then select the Fluent 

Case Files option
2. Export the ExodusII mesh – select the File – Save Data option write the file as 

“ExodusII”

Generate a Mesh – the output from Paraview is a HEX8 mesh and we need a HEX20 mesh
1. Import the mesh into Cubit using default options
2. Add side sets as needed
3. Reset the element type – BLOCK # ELEMENT TYPE HEX20                                         

EXPORT GENESIS “new_exodus_file.g”
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The original and modified mesh is shown in Figure C.1. At this point we are ready to proceed in 
developing an equivalent ANSYS model using Sierra Mechanics.

Figure C.1 Original and modified mesh.
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APPENDIX D:  GRAVITY & MOUNT INDUCED DEFORMATION 
OF OPTIC DURING THERMAL TESTING

Eric Couphos (2617)

 
Introduction

Part of the TOP LDRD consists of thermal testing of a BK7 window and a fused silica window. 
The 3” diameter, 0.5” thick, windows are heated to create a thermal gradient and measurements 
of the surface temperature and distortion are obtained with an interferometer, IR camera and 
thermocouples. The windows are held during testing in a 3 point spring loaded self-centering 
lens mount shown in Figure 1. FEA analysis was performed to estimate the effects of the spring 
loaded mount and gravity on the window during testing and determine if these effects should be 
accounted for during subsequent analysis. Both effects were determined to have a negligible 
effect on surface deformations and can be ignored in more detailed analysis of the thermal 
gradient induced deformations of the windows. 

Figure 1: 3 Point Self-Centering Mount
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Model Setup

The ANSYS model shown in Figure 2 consists of 3 delrin supports and a fused silica window. 
BK7 was not modeled as it is stiffer than fused silica and should have smaller deformations. This 
is a simplified model of the mount used for actual testing. The inner diameters of the delrin 
supports are fixed and the window is simply supported by these 3 delrin supports. An inward 
radial force was also included at each of the 3 delrin supports to represent the spring-loaded 
centering force of the mount. Gravity is acting in the negative Y direction. 

 
Figure 2: ANSYS Model Setup

Analysis Results

Figure 3 shows the total deformation of the window due to gravity and mount stresses. This 
motion consists primarily of a 9 nanometer (nm) rigid body decenter of the window. This 
decenter value can be ignored during subsequent analysis as it is a constant value that should not 
change during testing and is very small compared with the expected deformations of the window 
during testing. 

Figure 3: Total Window Deformation
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Figure 4 shows the deformation of the front surface in the axial direction. It shows a peak surface 
deformation of 1 nm which is artificially high due to the simplified contact with the delrin 
support. 

Figure 4: Front Surface Axial Displacement

Summary

The effects of the mount and gravity can be ignored as negligible during further detailed analysis 
of this test setup. A rigid body decenter motion of 9 nanometers and a front surface deformation 
of 1 nanometer are anticipated based on the results of this analysis. These deformations are very 
small compared to the expected surface deformation during thermal testing and were not 
apparent during initial interferometry measurements of the mounted window. 
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APPENDIX E: SAMPLE FEM FILE FORMAT

USER:     ejcouph
FILENAME:140606_hot_cold_optic_and_window_heater--Steady-St
ANALYSIS DATE(YEAR,MONTH,DAY):20140606   TIME(HOUR,MIN,SEC): 91543

     ***** UNITS *****

 MPA UNITS SPECIFIED FOR INTERNAL    
  LENGTH      = MILLIMETERS (mm)
  MASS        = TONNE (Mg)
  TIME        = SECONDS (sec)
  TEMPERATURE = CELSIUS (C)
  TOFFSET     = 273.0
  FORCE       = NEWTON (N)
  HEAT        = MILLIJOULES (mJ)
##NODE INITIAL POSITION DATA##
    node_num                     x-int                     y-int                     z-int
        1149     -12.57674302999999938     -26.61591358000000085       3.17499992325902092
        1150     -12.57674302999999938     -26.61591358000000085       6.34999992325902429
        1151     -12.57674302999999938     -26.61591358000000085       9.52499992325902056
        1152     -11.91578550000000014     -24.87900000999999861       3.17499992325902092
        1153     -11.91578550000000014     -24.87900000999999861       6.34999992325902518
        1154     -11.91578550000000014     -24.87900000999999861       9.52499992325902056
        1155     -25.38368980999999991      11.39841625000000036       3.17499992325902092
        1156     -25.38368980999999991      11.39841625000000036       6.34999992325903584
        1157     -25.38368980999999991      11.39841625000000036       9.52499992325902056

̂ ̂ ̂ ̂

##NODE TEMPERATURE DATA##
    node_num                      temp
        1149      27.57372860517499191
        1150      27.61192820336622944
        1151      27.57372860517498836
        1152      27.77501079047443255
        1153      27.81470356205176131
        1154      27.77501079047443255
        1155      37.38867795658788395
        1156      37.50157084519752715
        1157      37.38867795658789106

̂ ̂

     ***** UNITS *****

 MPA UNITS SPECIFIED FOR INTERNAL    
  LENGTH      = MILLIMETERS (mm)
  MASS        = TONNE (Mg)
  TIME        = SECONDS (sec)
  TEMPERATURE = CELSIUS (C)
  TOFFSET     = 273.0
  FORCE       = NEWTON (N)
  HEAT        = MILLIJOULES (mJ)
##NODE DISPLACEMENT DATA##
    node_num                    x-disp                    y-disp                    z-disp
        1149      -0.00032528553669064       0.00103324340611798      -0.00012966135511114
        1150      -0.00032591249659619       0.00103622152979977       0.00000005778089883
        1151      -0.00032528553664935       0.00103324340610450       0.00012977691690881
        1152      -0.00033499980654290       0.00113456576591513      -0.00013300463095579
        1153      -0.00033550922775187       0.00113805574523065       0.00000005778089821
        1154      -0.00033499980650148       0.00113456576590165       0.00013312019275222
        1155      -0.00365868893890354       0.00273095530797711      -0.00035156792954221
        1156      -0.00364982301188921       0.00275027109421990       0.00000005778107272
        1157      -0.00365868893885994       0.00273095530796137       0.00035168349168761

̂ ̂ ̂ ̂

##NODE STRESS/STRAIN DATA##
    node_num                    stress                    strain
        1149       1.27625804495906037       0.00001556414008519
        1150       1.29031133930186570       0.00001573552117407
        1151       1.27625804495906037       0.00001556414008519
        1152       1.25378378415310410       0.00001529013570689
        1153       1.26866699011751249       0.00001547163871389
        1154       1.25378378415310365       0.00001529013570689
        1155       1.21736672234805643       0.00001484606821123
        1156       1.14203439343607038       0.00001392737954120
        1157       1.21736672234805643       0.00001484606821123

̂ ̂ ̂
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##NAMED SELECTION NODE DATA##
         SURFACE_1
              3402
              3403
              3404
              3405
              3406
              3407
              3408
              3409
              3410

̂

 
         SURFACE_2
              4153
              4154
              4155
              4156
              4157
              4158
              4159
              4160
              4161

̂
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LIST ELEMENT TYPES FROM      1 TO      6 BY      1
1

 ***** ANSYS - ENGINEERING ANALYSIS SYSTEM  RELEASE 15.0      *****
 ANSYS Mechanical                                  
 00601480          VERSION=WINDOWS x64   09:16:54  JUN 06, 2014 CP=     28.408

 140606_hot_cold_optic_and_window_heater--Static Structural (E5)               

 ELEMENT TYPE      1 IS SOLID186     3-D 20-NODE STRUCTURAL SOLID
  KEYOPT( 1- 6)=        0      0      0        0      0      0
  KEYOPT( 7-12)=        0      0      0        0      0      0
  KEYOPT(13-18)=        0      0      0        0      0      0

 ELEMENT TYPE      2 IS SOLID186     3-D 20-NODE STRUCTURAL SOLID
  KEYOPT( 1- 6)=        0      0      0        0      0      0
  KEYOPT( 7-12)=        0      0      0        0      0      0
  KEYOPT(13-18)=        0      0      0        0      0      0

 ELEMENT TYPE      3 IS CONTA174     3D 8-NODE SURF-SURF CONTACT 
  KEYOPT( 1- 6)=        0      0      0        0      0      0
  KEYOPT( 7-12)=        0      2      1        2      0      5
  KEYOPT(13-18)=        0      0      0        0      0      0

 ELEMENT TYPE      4 IS TARGE170     3-D TARGET SEGMENT          
  KEYOPT( 1- 6)=        0      0      0        0      0      0
  KEYOPT( 7-12)=        0      0      0        0      0      0
  KEYOPT(13-18)=        0      0      0        0      0      0

 ELEMENT TYPE      5 IS SURF154      3-D STRUCTURAL SURFACE      
  KEYOPT( 1- 6)=        0      0      0        0      0      0
  KEYOPT( 7-12)=        0      0      0        0      0      0
  KEYOPT(13-18)=        0      0      0        0      0      0

 ELEMENT TYPE      6 IS COMBIN14     SPRING-DAMPER               
  KEYOPT( 1- 6)=        0      0      0        0      0      0
  KEYOPT( 7-12)=        0      0      0        0      0      0
  KEYOPT(13-18)=        0      0      0        0      0      0

 CURRENT NODAL DOF SET IS  UX    UY    UZ  
  THREE-DIMENSIONAL MODEL

##ELEMENT CONNECTIVITY DATA##
   elem_# elem_typ  #_node    node_numbers
      141         1        20      1149      1152      2289      2337      4152      4151      3772      3756      5285      5301      9322      5287     14439     13761     13725     13726      5289      5303      9323      9472  
      142         1        20      1149      2337      2289      1152      1150      2338      2290      1153      5287      9322      5301      5285      5293      9325      5305      5291      5284      9469      9321      5300  
      143         1        20      1150      2338      2290      1153      1151      2339      2291      1154      5293      9325      5305      5291      5297      9326      5307      5295      5290      9473      9324      5304  
      144         1        20      1151      2339      2291      1154      4153      4549      4533      4154      5297      9326      5307      5295     14442     15279     14444     14440      5299      9478      9327      5309  
      145         1        20      1149      2337      2700      2703      4152      3756      3635      3634      5287      9471     10713      5288     13726     13496     13493     13494      5289      9472     10715     10725  
      146         1        20      1149      2703      2700      2337      1150      2704      2701      2338      5288     10713      9471      5287      5294     10717      9475      5293      5284     10722     10712      9469  
      147         1        20      1150      2704      2701      2338      1151      2705      2702      2339      5294     10717      9475      5293      5298     10719      9477      5297      5290     10726     10716      9473  
      148         1        20      1151      2705      2702      2339      4153      4671      4670      4549      5298     10719      9477      5297     14443     15560     15308     14442      5299     10731     10721      9478  
      149         1        20      1149      2703      2706      1167      4152      3634      3633      4146      5288     10723      5365      5286     13494     13491     13492     14436      5289     10725     10735      5366  

̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂ ̂
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